Micro-arcing and breakdown of the wall plasma sheath in radio frequency (RF) plasmas is studied in a hollow cathode system, using a Langmuir probe to measure the floating potential. Micro-arcing was induced reproducibly by controlling the floating potential. By dc grounding the hollow cathode, a negative current can flow to ground resulting in a higher voltage sheath between the plasma and the earthed vacuum vessel. The wall arcing threshold of the plasma potential in this system is in the vicinity of 50 V. In the present system, the charging process to rebuild the plasma potential, which is about a few tens of milliseconds, is much slower than the microsecond discharge. The arcing frequency was found to depend strongly on the plasma potential and the pressure. We propose a mechanism for the dependence of the frequency of periodic micro-arcing based on the development of electron field emission sites. The measurement of floating potential is suggested as a useful parameter to monitor and prevent micro-arcing in RF plasmas.
Introduction
Uncontrolled micro-arcing during plasma sputtering, plasma enhanced chemical vapour deposition (PECVD), or plasma reactive ion etching is undesirable because it causes unstable plasmas. A lack of reproducibility, roughened surfaces, possible destructive damage and the introduction of the wall material into the vapour phase are the result. For more than half a century, many studies have been carried out on arcing in direct current (dc) glow discharges and sputtering processes [1] [2] [3] [4] [5] [6] . In particular, micro-arcing in reactive sputtering of oxide and nitride materials is a well-known and troublesome phenomenon. The mechanism responsible for the arcing in sputtering is generally accepted to be the electrical breakdown of an insulating layer building up on the electrode, [3, 7] with a resulting positive charge accumulating on the dielectric layer to such an extent that the electric field exceeds the breakdown strength of the dielectric layer. Arcing in radio frequency (RF) plasmas can result in a high density of micro-particles and contamination by metallic vapour from the micro-discharge depositing on the substrate and vacuum system surfaces and in electrical damage. Great attention has to be paid in micro-electronic manufacturing industries to RF plasma systems to monitor the micro-arcing and to apply conservative equipment maintenance procedures as often as requested by machine manufacturers, which results in a higher running cost, lower effective machine use and hence high cost of ownership.
Micro-arcing has been studied in space plasmas, and the publications relevant to this topic include those of Cho et al in the NASA Research Centre and relate to experience obtained from space shuttles, satellites or rockets [8] [9] [10] travelling in low earth orbit. Micro-arcing frequently occurs on parts exposed to the ionosphere environment, causing either local destructive damage or interference with electronic circuits. However, the plasma environment in the ionosphere is very different from that found in plasma deposition and etching reactors used in the laboratory. For example, the ionospheric plasma density is about six orders of magnitude lower, resulting in a plasma sheath about three orders of magnitude greater. The ambient pressure at low earth orbit is at least two orders of magnitude less than in laboratory reactors, resulting in fewer collisions. The studies of Cho et al conclude that the arcing is caused by high surface charging or biasing and, therefore, offer an explanation based on surface rather than plasma conditions, as for the sputtering example discussed earlier.
Plasma dc glow discharges and cathode arcs are certainly related to this topic. Plasma dc glow discharges can be formed in a glass with two metal electrodes. When applying a variable voltage between the electrodes, the current increases rapidly at a certain voltage. At larger currents the discharge voltage decreases, followed by evolution into a normal glow discharge region. The initial current increase is suggested [11] to correspond to photo-electron emission and the ionization rate increases with the electric field.
Igniting a cathode arc can establish continuous arcing by introducing electrical breakdown in vacuum. Field emission is now generally recognized as the principal mechanism. The initial field emission theory by Fowler and Nordheim was developed by Alpert et al [12] to incorporate the effect of surface defects in reducing the surface break-down electric field. Details of this can be found, for example, in [13] by Boxman et al.
Both researchers and power supply manufacturers have made extensive efforts to avoid micro-arcing in laboratory plasma processing systems-for example, arc detection through the power supply circuit, triggering a power supply shutdown for a predetermined period of time, followed by re-application of the power [14] . Alternatively, a more practical approach has concentrated on preventing positive charges accumulating on insulating layers and keeping electrical fields lower than its dielectric strength [15] [16] [17] by either pulsing the dc power or continuously switching deposition between two electrodes.
In this paper, we examine the plasma conditions rather than the surface conditions for the origin of micro-arcing and seek to determine conditions in the plasma sheath that predispose the plasma to form an arc. An RF plasma system consisting of a hollow cathode and a planar counter-electrode was chosen for the investigation and instrumented in such a way that the floating potential could be monitored and regulated whilst observing the system for the frequency of micro-arcing.
Experimental set-up and procedures
The hollow cathode system shown in figure 1 consists of a 80 mm long tube with 26 mm inner diameter, one end of which is sealed by a piece of insulator. A second planar electrode of dimensions 120 mm × 50 mm was located 25 mm from the hollow cathode. The RF power supply and matching network were ENI OEM-12 and ENI Matchwork 5, respectively. A dc blocking capacitor was inserted to allow the planar electrode to float in dc potential and an RF blocking inductor was connected between the hollow cathode and earth to fix its dc potential to ground, as shown.
The Langmuir probe consisting of a 0.20 mm diameter tungsten wire passing through a sintered alumina ceramic tube inside a stainless steel tube (connected to the grounded chamber) was positioned between the two electrodes. The RF signal in the probe was filtered with a 10 k resistor and a built-in 25 µH inductor through twisted cables in series. A Tektronix TDS 2024 oscilloscope was used to record the signal. Care was taken to electrically shield RF or high frequency alternating current (ac) signals from the probe circuit so that no significant high frequency ac or RF noise component was detected on the probe. The Langmuir probe was left floating in order to record the floating potential. The floating potential data shown were recorded in nitrogen plasma, although in some cases other gases such as argon were used to confirm the measurements.
The base pressure in the vacuum system was better than 2 × 10 −6 Torr and a Pfeiffer QMS 200 residual gas analyser (RGA) was also connected to the vacuum chamber via a leak valve to monitor the level of impurities. The flow rate of the 99.999% pure nitrogen used in this study was 10.0 sccm, at least four orders of magnitude higher than the measured outgassing rate from the walls.
Chamber conditioning was performed prior to data collection. The system was kept at base pressure for over 2 h and then argon was admitted for 20 min, followed by argon RF plasma cleaning for 10 min with the planar electrode selfbiasing negatively at approximately 300 V. After the argon plasma cleaning, the chamber was pumped down to base pressure, and RGA analysis was performed to ensure that there was no significant argon outgassing from the walls. Nitrogen gas was then admitted to the chamber to a pressure of 60 mTorr, and conditioning of the chamber wall was performed for about 10 min until the plasma potential was reasonably stable and the arcing behaviour was reproducible. Figure 2 shows the floating potential measured for four different modes of RF operation. The four modes are listed in table 1. The chamber pressure in all cases was 60 mTorr. In mode A the system is connected as in figure 1 . In mode B, the planar electrode was connected to the RF supply with its dc potential floating and the hollow cathode was disconnected. In mode C, the planar electrode was allowed to float its dc potential with the RF disconnected while the hollow cathode was dc floating with RF connected. Mode D was the same as mode C except that the hollow cathode was dc grounded.
Results and discussion
It is convenient to present the results as a function of the floating potential of the probe rather than the plasma potential or electron temperature, neither of which can be conveniently determined when micro-arcing occurs. The difference, , between the plasma potential and the floating potential can be estimated from the relation [18] : where T e is the electron temperature in electronvolts, M the mass of the nitrogen ions (assuming N + 2 ions), and m is the electron mass. The electron temperature was found to be about 3.5 eV using both the Langmuir probe and a RF compensated Langmuir probe when micro-arcing was not present. From (1) the difference between the plasma and floating potentials was about 15 V for conditions without micro-arcing. This difference was small compared to the range of plasma potential variation in this work-from a few tens to over 100 V.
In modes B and C in which only one electrode was connected to RF and allowed to dc float, the floating potential of the plasma was almost constant in the range of RF powers employed. There was no arcing for these cases. In the case of modes A and D, the floating potential increases with increasing RF power. In mode D the probe potential increases most strongly with RF power. In the case of mode A, the behaviour of the floating potential is intermediate. Arcing was observed predominantly at the chamber walls; actually, we did not observe visible micro-arcing on the dc grounded hollow cathode by the naked eye. This is not usually expected. It is possible that the geometry of our electrodes and the surface conditions affected the arcing probability. Plasma-incell (PIC) simulations and further experiments are carried out in order to understand the mechanism. A detailed report on the progress related to this issue will be presented soon. The temporal behaviour of the floating potential is shown in figure 3 for mode A and in figure 4 for mode D, for various power levels. The frequency of the arcing has a universal dependence on floating potential at a fixed pressure, independent of whether mode A or mode D is used. Figure 5 combines data for the arcing frequency as a function of floating potential from operation in both modes A and D at two pressures. Experiments carried out in helicon-excited plasma with an electrode immersed in the plasma show similar phenomena [19, 20] . When the immersed electrode is allowed to float by inserting a capacitor between the antenna and the RF supply, the floating potential of the plasma remains small as the RF power on the immersed electrode is increased, and the magnitude of the self-bias on the immersed electrode increases with the power. However, if the electrode is connected to ground for dc, then, the plasma potential increases strongly with increasing RF power to the electrode, and arcing is observed.
We can account for the arcing phenomenon in the experiment described in this paper in modes A and D (as shown in figures 3 and 4) and in the previous work discussed above using a simple argument. Electrons are lost from the plasma more readily than ions because of their higher mobility. When the voltage variations associated with each RF cycle are roughly symmetric with respect to the plasma potential, the magnitude of the electron current drawn over the positive half cycle is much larger than that of the ion current drawn over the negative half cycle. With each cycle, where a discrepancy between electron and ion currents exist a net negative charge escapes the plasma forcing the plasma potential to rise. In mode D, where neither the chamber wall nor the powered hollow cathode is allowed to develop a dc self-bias potential, the plasma floating potential will rise progressively as electrons are lost without a corresponding loss of ions and charge equilibrium cannot be attained. The plasma potential will thus rise until an arc breakdown occurs across a plasma sheath. This breakdown will continue until the stored charge is discharged. The process will then repeat, establishing a quasi-periodic behaviour. The use of a blocking capacitor as in B and C allows the development of appropriate negative self-biases on the electrodes, which enhance the negative voltage excursion and reduce the extent of the positive voltage excursion with respect to the plasma potential, bringing the electron and ion currents to equilibrium. Hence, conditions which lead to the largest negative values of self-bias when a blocking capacitor is present, will lead to the highest positive excursions in plasma potential when the blocking capacitor is removed and the electrode tied to dc ground. In mode A, one electrode is allowed to float while the other is dc grounded and, therefore, the behaviour is intermediate-the floating electrode develops a self-bias reducing the extent to which the net current drawn by both electrodes together does not balance.
The charging process to rebuild the plasma potential described above is much slower than the micro-arc discharging process. The charging process appears to be exponential but it is not possible to determine an exact value of the time constant because there are three parameters required and too small a fraction of the curve is observable. However, a lower bound for the time constant is estimated to be 25 ms for a time-averaged floating potential of 70 V and 45 ms for a time-averaged floating potential of 50 V, corresponding to RF input powers of 110 W and 70 W, respectively. The timeaveraged floating potentials are calculated over a large number of charging and arcing cycles. The lower bound for the time constant is estimated by taking the average time interval for the floating potential to recover by 0.66 of the potential drop that occurred during the discharge. The rate of increase in the plasma potential will be determined by the net charge drawn from the plasma per RF cycle. In the case of high power (hence high peak-to-peak RF voltage) this net charge is greatest, resulting in the shortest charging time and highest plasma potential prior to arcing.
The charging process is not expected to be strictly exponential since the sheath capacitance is not expected to be constant. According to Child's Law applied to a noncollisional plasma sheath, the sheath thickness, s, is given by [18] 
where V is the potential difference cross the sheath, and λ De is the electron Debye length at the sheath edge, which can be expressed as
where n is the electron density, e the electron charge and ε 0 the permittivity of free space. Substituting (3) into (2), the sheath capacitance per unit area can then be written as
Equation (4) shows that the capacitance of the plasma-wall sheath is not constant during significant changes in the plasma potential, as is the case here. In other words, it would be more reasonable to take a transient phenomenon of sheath into account rather than the simple dc model in equations (2)- (4). Further study is continuing on this issue and will be presented somewhere else soon. At this stage, we discuss the microarcing mechanism based on similar concepts available in the literature, such as those for electron field emission and the cathodic arc. There are two important observations that can be made from the data. The first is that the arcing frequency increases with plasma floating potential and, second, that the arcing frequency is higher at lower pressures. We propose a model for arc growth based on the probability of an arc nucleus progressing to an arc discharge. We first propose that the arc nucleus begins as an electron field emission site. There is a positive feedback process at work, which causes larger nuclei to have a larger growth rate. This is, for example, caused by the heating of the surface at the site, which further increases the electron emission. The higher floating potential (corresponding to higher voltage across the sheath at the grounded walls and hence increased electric fields) increases the growth rate of the nuclei and, hence, the probability of a nucleus progressing to an arc discharge in a given time is also increased. On the other hand, the growth rates of the nuclei are reduced by the presence of background gas. This is caused, for example, by the reduction in the field emission current between the surface and the plasma because of the increased effective resistance of the pathway resulting from the increased scattering of electrons. The electron-molecule collision mean free path, λ, is inversely proportional to pressure, and, using an elementary model of electrical conduction, in which the resistance is inversely proportional to the mean free path of the carriers, we estimated that in the pressure range we studied in this work the mean free path of ion-molecule collision is in the range 0.1-1.0 cm. Because the plasma density at the chamber walls is lower than that in the vicinity of the powered electrodes (this is particularly seen at high pressures), the sheath length at the chamber walls will be longer and thus collision may not be negligible. Also, note that the dependence of the arcing frequency on pressure cannot be explained by changes in the electric field at the surface as a result of changes in the sheath dimensions with pressure. A higher plasma density results in a thinner plasma sheath and thus higher electric field for a given plasma potential value. Experimentally, we found (in both modes B and C) that the plasma density increases slightly (by less than a factor of 2) with pressure over this pressure range [21] . This suggests that the increase in resistance resulting from collision is a main mechanism for the pressure effect on micro-arcing frequency. Nevertheless, further investigation on this issue is required.
Conclusions
We have been able to reproducibly produce micro-arcing by increasing the plasma potential in a RF plasma system. The micro-arcing threshold for the plasma potential (relative to the earthed wall potential) is in the vicinity of 50 V for our system. The arcing frequency strongly depends on the plasma potential and gas pressure. We propose that the micro-arcing occurs because of a progressively increasing plasma potential driven by a net electron current drawn from the plasma during each RF cycle. Whereas the micro-arcing discharge is a rapid process, the recovery of the plasma potential is determined by recharging of the plasma sheath by the same process until another breakdown occurs.
